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Abstract—We review our recent results on different 
configurations of phase sensitive amplifiers that achieve all-
optical phase regeneration and optical phase quantization at low 
nonlinear phase shifts.  
Keywords— Nonlinear optics, parametric processes, 
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I.  INTRODUCTION  
In an effort to address the continued growth of data traffic 
in optical networks, spectrally efficient modulation formats, 
utilizing both phase and amplitude, are being investigated [1]. 
The performance of these complex modulation formats can be 
severely degraded due to the linear phase noise (PN) added by 
optical amplifiers and the nonlinear PN caused by the fiber 
nonlinearity [2]. Optical methods that can be used to process 
these signals, such as optical phase regenerators for M-ary 
phase shift keying (M-PSK) signals, which potentially offer 
energy and cost reductions over electronics, format flexibility 
and ultra-fast processing rates, have been gaining momentum 
as a key technology to develop.  
Phase sensitive amplifiers (PSAs) based on fiber optic 
parametric amplifiers (FOPA) may be used to achieve some of 
these optical systems in single- or dual-pump configurations 
with the signal, idler and pump(s) being either along the same 
linear polarization (‘scalar schemes’) or on different 
polarization axes (‘vector schemes’) – and include all 
possibilities covering both non-degenerate and degenerate 
(signal and idler at the same wavelength) configurations [3]–
[5]. For example, binary phase shift keying (BPSK) phase (and 
amplitude) regeneration has been successfully achieved using a 
scalar dual-pump degenerate PSA in highly nonlinear fibers 
(HNLFs) [3]. In more detail, the binary step-like phase 
response is the result of the coherent addition of the original 
signal and its first four-wave mixing (FWM)-generated 
complex-conjugate copy (idler) with ideally comparable 
strength. The scheme can be extended to allow phase 
regeneration of an arbitrary M-PSK signal format; this can be 
implemented through a coherent addition of the (M-1)-th phase 
harmonic of the signal to the signal itself with a mixing factor 
that depends on the corresponding signal phase levels [4]. 
Different nonlinear materials can also be considered to achieve 
PSA and very recently dual-polarization 16-quadrature 
amplitude modulation (16-QAM) signals carried by three 
wavelength-division-multiplexed (WDM) channels have been 
successfully processed in a “copier-PSA” configuration with 
periodically poled lithium niobate (PPLN) waveguides [6]. 
In the following, we will focus on two specific 
configurations of HNLF-based PSAs to achieve: i) optical 
phase regeneration with negligible phase-to-amplitude 
conversion as proposed in [7] and demonstrated in [8], and ii) 
two-level phase quantization with low nonlinear phase shifts 
(NPSs) [9]. 
II. DUAL HARMONIC PSA SCHEME 
 
Fig.1 Dual-harmonic PSA scheme operation principle (a) and an example of 
corresponding measured (red circles and blue crosses) and simulated (solid 
and dashed lines) signal transfer functions (b). Pump powers were set to 
15.3dBm and the signal power to 7.3dBm at the input of the HNLF, resulting 
in a weight of the phase harmonic of about 0.14 as compared to the original 
signal. 
To achieve good phase quantization (regeneration) of M-
PSK signals, while greatly reducing the phase-to-amplitude 
dependence, the scheme proposed in [4], which we refer to as a 
single harmonic scheme, can be altered by mixing not only the 
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(M-1)-th phase harmonic, but also the -(M+1)-th phase 
harmonic with the original signal [7], as shown in Fig.1 (a). We 
refer to this scheme as a dual harmonic scheme. Initial 
experimental results applied to the 4-level phase quantization 
(appropriate for a QPSK signal) showed similar performance in 
terms of phase quantization to the conventional single-
harmonic system, whilst achieving a reduction in phase 
dependent gain variation of about 6.5 dB, obtaining an overall 
amplitude-to-phase variation of less than 0.5dB [8]. Fig.1 (b) 
reports an example of the corresponding simulated and 
measured amplitude and phase transfer functions. 
III. POLARIZATION-ASSISTED PSA 
A two-level phase (quantized) response (appropriate for 
phase regeneration of a BPSK signal or demultiplexing of 
higher complex modulation formats [10]) is the result of the 
coherent addition of signal and idler (at the same wavelength 
for the degenerate configuration) with similar weights. For this 
scenario, the amount of output phase squeezing is proportional 
to the phase sensitive extinction ratio, PSER, defined as the 
difference between the maximum phase sensitive (PS) gain and 
the maximum PS de-amplification. Large symmetric PSERs 
(i.e. exhibiting an equal maximum PS gain and maximum PS 
de-amplification) can only be achieved at high pump powers 
implying the requirements of sophisticated techniques to be 
employed for the suppression of stimulated Brillouin scattering 
and resulting in the generation of several FWM components 
across a wide spectral bandwidth. Such FWM components may 
in fact enhance the PS deamplification process and provide 
large (asymmetric) PSER at carefully selected power levels. 
For example, PSERs of 25dB have been experimentally 
demonstrated in the scalar degenerate dual-pump PSA for a 
NPS of 0.8 rad [11]. Recently [9], we have demonstrated that 
high PSER and, thus, binary step-like phase response at 
significantly lower NPSs can be achieved using a polarizer at 
the output of a degenerate parametric amplifier with two 
orthogonally aligned pumps. As shown in Fig.2 (a), by 
generating an idler in the orthogonal polarization state as 
compared to the signal and properly choosing the angle of the 
polarizer at the output (which depends on the strength of the 
generated idler), it is possible to exactly match the relative 
strengths of the signal and idler beams along the polarizer’s 
transmission axis even in the instance that the generated idler is 
significantly weaker than the signal, i.e. at low pump powers. 
We refer to this scheme as polarization-assisted PSA. 
Asymmetric PSERs as large as 26dB (mainly limited by the 
polarization extinction of the polarization maintaining 
components used) for a NPS as low as 0.3 rad were 
experimentally demonstrated [9], achieving excellent phase 
squeezing response, as shown in Fig.2. It is worth noting, 
though, that at low NPS, high PSERs only correspond to 
different degrees of signal de- amplification rather than net 
amplification.  
IV. CONCLUSION 
We have reviewed our recent results on different 
configurations of phase sensitive amplifiers to achieve (i) all- 
optical phase regeneration with minimal phase-to-amplitude 
 
Fig.2 Polarization-assisted PSA scheme operation principle (a) and a typical 
(simulated) amplitude and phase response versus input phase for a PSER of 
26dB (b) and corresponding measured constellation diagrams at the input (c) 
and output (d) of the system for the same PSER achieved at a NPS of 0.3 rad. 
The initial signal was passed through a phase modulator to induce continuous 
phase variations of over 2π. 
noise conversion using a dual-harmonic scheme and (ii) a 
binary step-like phase response at low nonlinear phase shifts 
using a polarization-assisted PSA. 
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